Abstract: Nanoscale Sn-Bi-Ag compound powders were successfully synthesized using the pulsed wire discharge (PWD) method. In PWD, when a high current is passed through high-density metal wires, the wires explode because of resistance heating, forming fine particles or metal vapor. In this study, we used Sn-Bi and Ag wires in order to obtain three-component nanopowders. A high current was applied to the wires between the electrodes in a N2 atmosphere. We discussed the results based on the K factor, which is the ratio of the charging energy of the capacitor to the vaporization energy of the wire. The three-component (Sn-Bi-Ag) nanoparticles were synthesized under a N2 atmosphere at 4 and 6 kV. From the particle-size distribution curves, it was found that the mean particle diameter (D1) values of the Sn-Bi and Ag nanopowders were within the range of 16.32-42.37 nm under each condition. The melting point of the Sn-Bi-Ag nanoparticles was found to be within the range of 188.68-214.97 ℃, which is about 40 ℃ lower than that obtained from the phase diagram and computational thermodynamics of the Sn-Bi-Ag system. In this study, the nanopowders were obtained by subjecting the wires at extreme energies, to improve their solid solubility. †
INTRODUCTION
Sn-Bi-Ag compounds have become more popular as lead-free solder materials than Sn-3.5Ag compounds because they have a lower melting point, high strength, and good wettability [1] [2] [3] [4] . However, their performance is not comparable to Sn-37Pb materials. In order to improve the performance of Sn-Bi-Ag based lead-free solder materials, various methods, such as the addition of indium [5, 6] and nano-additives [7] , have been used. The addition of indium improves the wettability and decreases the melting point.
However, it also reduces mechanical strength. The addition of nano-additives prevents Ag3Sn coarsening and decreases the melting point. However, the addition of nano-additives results in binding and distribution because of the size difference between the micro-solder and nano-additive particles. One *Corresponding Author: Bong Ki Ryu [Tel: +82-51-510-2384, E-mail: bkryu@pusan.ac.kr] Copyright ⓒ The Korean Institute of Metals and Materials possible way to overcome these problems is to make nano-sized lead-free solder materials. According to the Lindemann theory, at nanoscale, the melting point of materials decreases because of an increase in the average atomic distance. This decrease in the melting point improves the wettability of nano-sized solder materials [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In nano-sized solder materials, the reaction interface is stabilized, which also suppresses the growth of intermetallic compounds [18] .
Wire explosion is a technique for synthesizing nanoparticles [19] [20] [21] [22] . When a high current is passed through high-density metal wires, the wires explode because of resistive heating, thus forming fine particles or metal vapor.
With this technique, it is possible to reach very high temperatures of 104-106 K within a short duration of 1-50 μs at a lower cost compared to other techniques, by controlling the amount of energy supplied to the wires. An additional advantage of this technique is that it enables the adjustment of 대한금속･재료학회지 제55권 제11호 (2017년 11월) the average particle size. Moreover, by adjusting the atmosphere around the metal wires and by using a variety of raw materials ranging from metal powders [23, 24] to oxides [25] , nitrides [26] , and carbide powders [27] , it is possible to produce alloy powders, chemical compounds, or composite material powders.
However, intermetallic Sn-Bi-Ag compounds are not ductile enough to form thin wires (less than 0.3 mm in diameter). Since most alloy metals are brittle, reports on the pulsed wire discharge (PWD) of alloy wires for the fabrication of alloy nanopowders are limited. In order to synthesize alloy nanopowders, PWD has been performed using two types of wires [28, 29] . For this reason, research has been focused on reducing the diameter of Sn-Bi or Sn and Bi wires for use in the PWD method. There are only a few studies on two-component nanopowders and even fewer studies on three-component nanopowders. Recently, we reported the synthesis of nanopowders using Sn-Bi alloy wires [30] . Motivated by our previous study [30] , we herein, report the synthesis of three-component nanopowders. In the present study, two types of wires (Sn-58Bi and Ag wires) were used for the fabrication of the three-component nanopowders by PWD. We found that setting up the wires was very important for the fabrication. Hence, to synthesize homogeneous nanopowders, we placed two lines in parallel.
In this study, we conducted experiments using Sn-58Bi wire and Ag wire because Ag-Sn-Bi has the lowest melting point in the Sn-58Bi composition (Fig. 1) . We synthesized three-component nanopowders by subjecting the wires to extreme energies using the PWD method to overcome their limited solid solubility. And, we focused on determining the conditions necessary to reduce the size of the nanopowders, which is an important factor to lower their melting point, by adjusting the voltage and pressure, which can be used as variables in the PWD device. Figure 2 shows the experimental setup for the PWD method. In order to carry out the PWD method, Sn-58Bi and Ag wires were prepared. The diameter and length of the Sn-58Bi wires were 0.5 and 32 mm, respectively, while the Ag wires were 0.1 mm in diameter and 32 mm in length. The wires were placed on electrodes in a chamber. A filter paper was placed on the detecting valve and pump. The chamber was evacuated to less than 50 Pa using a pump and then filled with N2 gas at 50 and 100 kPa. Then, a capacitor was charged using a high-voltage DC power supply. The capacitor had a capacitance (C) of 30 μF and had a charged energy of 240 or 540 J when a charging voltage (V) of 4 or 6 kV, respectively, was used. The charging energy (W) was calculated using the following equation. 3 . XRD patterns of the particles synthesized by using 42Sn-58Bi and Ag wires under the following conditions: (a) One 0.1 mm Ag wire and N2 gas at 100 kPa, (b) One 0.1 mm Ag wire and N2 gas at 50 kPa and (c) Two 0.1 mm Ag wires and N2 gas at 50 kPa.
EXPERIMENTAL PROCEDURE
By closing a spark gap switch, the Sn-58Bi and Ag wires were heated to vaporization temperature and were turned into plasma by a pulsed high current. The particles prepared in the chamber were collected on a membrane filter by evacuating the chamber through the filter using the pump. The weight of the filter was measured in order to determine the yield of the powder.
The experimental conditions are given in Table 1 To and 50 kPa is used, 95% of the evaporation energy is transferred to the wire. Therefore, a value of K less than 2 implies a lack of explosion energy in the wire [31] . The vaporized metal gas was constrained to the inner wire by the pinch effect and inertia. When the pressure reached a critical value or became greater than the critical value, the wire momentarily inflated to form a shock wave. The metal particles and gas were ejected quickly, and fine particles could be formed.
The phase and the shape associated with synthesis were characterized by X-ray diffraction (XRD, Rigaku RINT 2500HF with Cu Kα radiation) and field emission scanning electron microscopy (FE-SEM; Zeiss SUPRA25). The results of the XRD analysis were assigned to the Scherrer equation Pressure of atmosphere gas (Pa/kPa) 50, 100 (N2 gas) 50 (N2 gas) and the particle size was analyzed. The Scherrer equation is shown in equation (2) below. τ is the mean size of the ordered domains, which may be smaller or equal to the grain size, K is a dimensionless shape factor (with a typical value of about 0.9), λ is the X-ray wavelength (Cu Kα, 1.5406Å), β is the line broadening at half the maximum intensity(FWHM, 2θ), θ is the Bragg angle.
For particle size distribution, 30 images were taken using FE-SEM, and particle sizes were measured for each particle. Finally, a differential scanning calorimeter (DSC 8000, PerkinElmer) was used to monitor the changes in the melting point. Figure 3 shows the XRD patterns of the synthesized powders. Each XRD pattern shows the same peaks. This indicates that the crystallized particles, which consisted of Sn-Bi-Ag, were of a single phase. Sn-Bi-Ag was formed successfully because the K factor was ≥ 2. Table 2 shows the results of particle size calculation using the Scherrer equation under each condition. The particle size was calculated at 27.2°, which is the peak of Bi with the highest peak intensity.
RESULTS AND DISCUSSION
It can be seen from this result that as the applied charging voltage increases, or as the gas pressure decreases, the particle size decreases. Table 3 The theoretical and experimental compositions differed when a charging voltage of 4 kV was applied. On the other hand, at 6 kV, it was found that the composition of the target was close to that of the wires because the energy was well-supplied to the wires. Thus, we can state that a necessary condition for obtaining alloy nanopowders with a difference in sublimation energy is to supply a high energy to the wires, which also reduces the pressure. We then investigated the use of the PWD method for subjecting wires with limited solid solubility to extreme energies to produce nanopowders. Figure 4 shows the FE-SEM microstructural images of the Fig. 4 . FE-SEM images of the particles synthesized by using 42Sn-58Bi and Ag wires under the following conditions : (a) One 0.1 mm Ag wire and N2 gas at 100 kPa, (b) One 0.1 mm Ag wire and N2 gas at 50 kPa and (c) Two 0.1 mm Ag wire and N2 gas at 50 kPa Based on the results shown in Fig. 4 , 5 and Table 3 , we can conclude that the higher the voltage applied to the wires, the smaller the size of the particles and the higher the Ag content.
In addition, an increase in the number of Ag wires resulted in an increase in the particle size and Ag content. Further, comparing the particle size results in Fig. 5 and Table 2 , it can be concluded that the same result was obtained because all the errors are smaller than 3 nm. The reason for the error is that the results in Table 2 were only measured for the primary peaks of Bi, while the results in Fig. 5 were based on averaging of the particle size distribution results. Nonetheless, this result shows that most of the particles had a particle size . DSC curves of the particles synthesized by using 42Sn-58Bi and Ag wires under the following conditions: (a) One 0.1mm Ag wire, N2 gas at 100 kPa, and 6 kV, (b) 0.1 mm Ag wire, N2 gas at 50 kPa, and 6 kV and (c) Two 0.1 mm Ag wires, N2 gas at 50 kPa, and 6 kV. rate depends on the voltage level in the wires regardless of the pressure of N2 gas (50 or 100 kPa). These results are reasonable because the wires may not be sufficiently vaporized to form nanoparticles at low voltages. This is in good agreement with the EDS results, which revealed that the Ag content was low at 4 kV. However, at 6 kV, Ag nanoparticles were formed, as observed from the EDS (Table   3 ) and XRD (Fig. 3) results. The results reveal that nanoparticles were successfully formed at 6 kV. Figure 7 shows the thermal profile of the Sn-Bi-Ag alloy nanoparticles. The melting point of the Sn-Bi-Ag nanoparticles was found to be within the range of 188.68-214.97 ℃, which is about 40 ℃ lower than that obtained from the phase diagram and computational thermodynamics of the Sn-Bi-Ag system. A size-dependent reduction in the melting point was confirmed.
CONCLUSIONS
We successfully synthesized three-component nanoparticles of Sn-58Bi and Ag by PWD using Sn-58Bi and Ag wires. We also investigated the effect of voltage and gas pressure on the particle size and composition of the synthesized alloy nanoparticles. Alloy nanopowders of Sn-58Bi and Ag were obtained at voltages greater than 4 kV in N2 atmosphere using Ag wires with a diameter of 0.1 mm. Under these conditions, the charging energy of the capacitor was higher than the sublimation energy of the Sn-58Bi and Ag wires. In this study, we supplied extreme energies to the Sn-58Bi and Ag wires by the PWD method to overcome the limited solid solubility of these wires, in order to form nanopowders. For successful synthesis of the three-component alloy nanoparticles, a high voltage and low gas pressure were required. The results reveal that when a voltage of 6 kV was used, the composition of the particles was constant and their size could be controlled. It was also confirmed that a reduction in particle size resulted in a reduction in the melting point of the resulting nanopowders. Through the results of this study, we can confirm the conditions for reducing the size of nanopowders, and think that it is possible to utilize the Sn-Bi-Ag based solder material at a lower temperature by controlling these conditions. The results indicate that Sn-Bi-Ag based solder, which is a material harmless to the human body, can be utilized as a solder material.
